Abstract: Some articles have examined perfluorooctanoic acid (PFOA) exposure in early life in relation to risk of childhood adiposity. Nevertheless, the results from epidemiological studies exploring the associations remain inconsistent and contradictory. We thus conducted an analysis of data currently available to examine the association between PFOA exposure in early life and risk of childhood adiposity. The PubMed, EMBASE, and Web of Science databases were searched to identify studies that examined the impact of PFOA exposure in early life on childhood adiposity. A random-effects meta-analysis model was used to pool the statistical estimates. We identified ten prospective cohort studies comprising 6076 participants with PFOA exposure. The overall effect size (relative risk or odds ratio) for childhood overweight was 1.25 (95% confidence interval (CI): 1.04, 1.50; I 2 = 40.5%). In addition, exposure to PFOA in early life increased the z-score of childhood body mass index (β = 0.10, 95% CI: 0.03, 0.17; I 2 = 27.9%). Accordingly, exposure to PFOA in early life is associated with an increased risk for childhood adiposity. Further research is needed to verify these findings and to shed light on the molecular mechanism of PFOA in adiposity.
Introduction
The prevalence of obesity has increased worldwide over the past four decades, and is now a global health issue, with over 340 million children and adolescents aged 5-19 being overweight or obese in 2016 [1] . Overweight or obesity in children is more likely to persist into adulthood and further increases the likelihood of many health problems in later life, including obesity, cancer, diabetes, and cardiovascular disease [2, 3] . Although obesity is known to be caused mainly by energy imbalance, growing evidence has suggested that exposure to other risk factors such as endocrine-disrupting chemicals may also play a role [4] .
Perfluoroalkyl substances (PFASs) are a class of synthetic and highly stable compounds that are widely applied in protective coatings of food, textiles, furniture, and nonstick cookware [5] [6] [7] . They are known to act as endocrine disruptors [8] , and early-life exposure is linked to the development of obesity [9] . Perfluorooctanoic acid (PFOA) is a typical member of the family of PFASs, which has unique and useful chemical properties including surface activity, thermal and acid resistance, and amphiphilic properties, and it has thus seen widespread use worldwide throughout the environment [10] .
Study Selection Criteria
Two reviewers (P.L. and F.Y.) independently conducted all studies by title or abstract, and then by a full-text screening. Any discrepancies among the two reviewers reached a consensus by discussion. Studies were included in the meta-analysis when they satisfied all of the following criteria: (1) the study was designed as a prospective cohort study; (2) offspring were exposed to PFOA in utero or in the first year of life (early-life exposure), and maternal serum or plasma concentrations served as proxies for early-life exposure; (3) the outcomes of interest were childhood overweight, obesity or body mass index (BMI); (4) the child's weight and height were measured when the child was more than 2 years old, because BMI is a commonly used indicator of excess weight in children over 2 years old; and (5) provided risk estimates on the associations, such as relative risks (RRs), odds ratios (ORs), or beta regression coefficients (βs) with 95% confidence intervals (95% CIs), or provided sufficient data to allow adequate estimation of the RRs/ORs/βs and 95% CIs. Studies containing overlapping data or that did not report original data, such as reviews, comments, editorials, and meeting abstracts, were all excluded.
Data Extraction
Two reviewers (P.L. and F.Y.) extracted data from all of the included articles independently, and discrepancy was resolved by a third reviewer (Y.W.) for quality assurance and quality control. We collected details of selected articles, primarily including first author, study design, baseline time, location, outcome measurements, measurement timing, duration of follow-up, sample matrix and adjusted variables. When outcomes were measured at different follow-ups, we extracted the data for the longest follow-up time. The authors were contacted to request crucial information data not provided in the selected articles. If no response was received from the authors within one month, the data were excluded from analysis.
Quality Assessment
The quality evaluation of included studies was performed using the 9-star Newcastle-Ottawa scale, which includes 3 categories: selection (4 items, 0-4 points), comparability (1 item, 0-2 points), and outcome (3 items, 0-3 points) for cohort studies. Each category that meets the criteria can be awarded a star, except for the comparability category (which awards a maximum of 2 stars). A score of seven or more points was considered as high-quality study [20] .
Statistical Analysis and Heterogeneity
The risk estimates on the association between early-life exposure to PFOA and childhood adiposity were pooled using meta-analysis. The β regression coefficients were used for childhood BMI z-score, and RRs and/or ORs were used for childhood overweight. When different β/RR/OR values for different percentiles, tertiles, or quartiles of PFOA instead of continuous trends were provided in included studies, the strongest association with the outcome (worst-case scenario) was selected [21] . The effect sizes were pooled using the inverse variance method for random-effects meta-analysis [22] .
Heterogeneity was measured with the I 2 statistic and was represented on a scale ranging from 0% to 100%. I 2 values of 25%, 50%, and 75% were considered as low, medium, and high heterogeneity, respectively [23] . A random-effects model was used to summarize data to reduce the impact of heterogeneity between studies [22] . Subgroup analyses were carried out by effect size, measurement timing, geographical region, gender and with or without adjustment of maternal parity and birth weight to explore possible sources of heterogeneity. We also performed two sensitivity analyses. The first is to explore the impact of each individual study in our meta-analysis by excluding one study in turn and re-estimating the summary estimate. The second is to exclude the study of small sample sizes. We used Egger's test to check the symmetry of the funnel plot to assess publication bias for childhood BMI, and p < 0.05 hints publication bias. Egger's test detects funnel plot asymmetry by determining whether the intercept deviates significantly from zero in the regression equation based on the standard normal deviate and precision of each study included in the meta-analysis [24] . All statistical analyses were performed using STATA version 12.0 (StataCorp, College Station, TX, USA). A 2-sided α of 0.05 was considered statistically significant.
Results

Study Selection Flow
Our search retrieved a total of 1576 articles, of which 1433 were retained after manual removal of 143 duplicates. After sifting titles and abstracts, we retained 10 records for full-text screening, resulting in 9 full-text peer-reviewed articles retained for data extraction; 1 study was further removed due to no outcomes of interest [25] . Specifically, the study by Wang et al. reported an average weight z-score across childhood but did not report the outcomes of interest such as childhood overweight, obesity or BMI. In addition, hand searching the reference lists of the 9 included articles identified 1 additional study, resulting in a total of 10 articles involving 6076 participants that were retained for quantitative synthesis in the meta-analysis [9, 18, 19, [26] [27] [28] [29] [30] [31] [32] . The flow diagram of literature selection progression is shown in Figure 1 . 
Details of Included Studies
The characteristics of the 10 cohort studies are detailed in Table 1 . The population size varied among the 10 included prospective cohort studies, ranging from 200 to 1086 participants. These studies covered the years from 1986 to 2011 and included populations located in nine regions.
As for outcomes assessment, different standards were used to calculate BMI z-score, including the International Obesity Task Force standards [30] , the 2000 Centers for Disease Control and Prevention (CDC) Growth Charts [18, 28] , longitudinal reference value for the Swedish population from birth to 18 years old [27] , or the World Health Organization (WHO) Growth Standards [9, 19, 29, 31, 32] . The definition of overweight or obesity was different among studies. Of the 10 included studies, 3 defined overweight as BMI z-score ≥ 85th percentile [9, 19, 29] , 2 defined overweight or obesity as BMI z-score ≥ 85th percentile [28, 32] , 1 defined overweight or obesity as BMI ≥ 25 kg/m 2 [26] , 1 defined overweight for boys and girls as BMI ≥ 17.92 kg/m 2 and 17.75 kg/m 2 , respectively [30] , and 1 defined obesity as BMI ≥ 95th percentile, while overweight was defined as BMI ≥ 85th and < 95th percentile [18] . 
As for outcomes assessment, different standards were used to calculate BMI z-score, including the International Obesity Task Force standards [30] , the 2000 Centers for Disease Control and Prevention (CDC) Growth Charts [18, 28] , longitudinal reference value for the Swedish population from birth to 18 years old [27] , or the World Health Organization (WHO) Growth Standards [9, 19, 29, 31, 32] . The definition of overweight or obesity was different among studies. Of the 10 included studies, 3 defined overweight as BMI z-score ≥ 85th percentile [9, 19, 29] , 2 defined overweight or obesity as BMI z-score ≥ 85th percentile [28, 32] , 1 defined overweight or obesity as BMI ≥ 25 kg/m 2 [26] , 1 defined overweight for boys and girls as BMI ≥ 17.92 kg/m 2 and 17.75 kg/m 2 , respectively [30] , and 1 defined obesity as BMI ≥ 95th percentile, while overweight was defined as BMI ≥ 85th and < 95th percentile [18] . Among those 10 studies, nine analysed the influence of early-life exposure to PFOA on childhood BMI [9, 18, 19, [27] [28] [29] [30] [31] [32] , four were on childhood overweight [9, 18, 19, 29] , one on childhood obesity [18] , and four on childhood overweight or obesity [26, 28, 30, 32] . The techniques for analysing PFOA were different. The quality of the 10 cohort studies is shown in Table S2 .
Meta-Analysis of PFOA Exposure in Early Life in Relation to Childhood Overweight
One of the 10 cohort studies reported overweight and obesity data, respectively. Overweight and obesity data were combined as overall overweight data because it is considered to be more effective (i.e., the overall overweight data has the strongest association with the PFOA exposure). As shown in Figure 2 , exposure to PFOA in early life had a statistically significant association with childhood overweight risk (effect size = 1.25, 95% CI: 1.04, 1.50; I 2 = 40.5%). When the studies stratified analysis by the effect size (relative risk vs. odds ratio), a significant correlation between early-life exposure to PFOA and childhood overweight risk was observed in group of relative risk (RR) (RR = 1.26, 95% CI: 1.01, 1.56; I 2 = 57.2%), while the odds ratio (OR) group had a slightly higher assessment but no significant risk for childhood overweight (OR = 1.39, 95% CI: 0.85, 2.28; I 2 = 0.0%). The pooled effect sizes for males and females were selected for all studies, with the exception of Halldorsson et al. [26] and Andersen et al. [30] , where only overweight data of sex-specific childhood was reported and thus was plotted individually. Among those 10 studies, nine analysed the influence of early-life exposure to PFOA on childhood BMI [9, 18, 19, [27] [28] [29] [30] [31] [32] , four were on childhood overweight [9, 18, 19, 29] , one on childhood obesity [18] , and four on childhood overweight or obesity [26, 28, 30, 32] . The techniques for analysing PFOA were different. The quality of the 10 cohort studies is shown in Table S2 .
One of the 10 cohort studies reported overweight and obesity data, respectively. Overweight and obesity data were combined as overall overweight data because it is considered to be more effective (i.e., the overall overweight data has the strongest association with the PFOA exposure). As shown in Figure 2 , exposure to PFOA in early life had a statistically significant association with childhood overweight risk (effect size = 1.25, 95% CI: 1.04, 1.50; I 2 = 40.5%). When the studies stratified analysis by the effect size (relative risk vs. odds ratio), a significant correlation between early-life exposure to PFOA and childhood overweight risk was observed in group of relative risk (RR) (RR = 1.26, 95% CI: 1.01, 1.56; I 2 = 57.2%), while the odds ratio (OR) group had a slightly higher assessment but no significant risk for childhood overweight (OR = 1.39, 95% CI: 0.85, 2.28; I 2 = 0.0%). The pooled effect sizes for males and females were selected for all studies, with the exception of Halldorsson et al. [26] and Andersen et al. [30] , where only overweight data of sex-specific childhood was reported and thus was plotted individually. 
Meta-Analysis of PFOA Exposure in Early Life in Relation to Childhood BMI
Among those 10 studies, nine provided pooled β for childhood BMI z-score after early-life exposure to PFOA. One reported separate β for males and females, and thus was entered as two studies [30] . As shown in Figure 3 , meta-analysis showed that PFOA exposure in early life could 
Among those 10 studies, nine provided pooled β for childhood BMI z-score after early-life exposure to PFOA. One reported separate β for males and females, and thus was entered as two studies [30] . As shown in Figure 3 , meta-analysis showed that PFOA exposure in early life could slightly increase the z-score of childhood BMI with a moderate heterogeneity (β = 0.10, 95% CI: 0.03, 0.17; I 2 = 27.9%). When the studies were stratified by measurement timing, both prenatal and postnatal exposure to PFOA indicated a small increase in the z-score of childhood BMI (prenatal exposure, β = 0.09, 95% CI: 0.02, 0.17; I 2 = 36.3%, postnatal exposure, β = 0.16, 95% CI: 0.01, 0.30; I 2 = 0.0%). A significant association between early-life exposure to PFOA and childhood BMI z-score was observed among the studies performed in Europe (β = 0.10, 95% CI: 0.02, 0.17; I 2 = 8.4%), but not in Northern America (β = 0.19, 95% CI: −0.05, 0.42; I 2 = 71.4%) and Asia (β = 0.03, 95% CI: −0.21, 0.27). Subgroup analysis of maternal parity revealed a significant positive association between early-life exposure to PFOA and childhood BMI z-score in the group adjusted by maternal parity (β = 0.13, 95% CI: 0.02, 0.24; I 2 = 47.4%). Within the group by gender, PFOA exposure increased the z-score of childhood BMI in females (β = 0.06, 95% CI: −0.01, 0.13; I 2 = 0), but not males (β = −0.01, 95% CI: −0.10, 0.08; I 2 = 0), and neither achieved significant levels. In addition, the subgroup of birth weight was evaluated, and PFOA exposure could statistically significantly increase the z-score of childhood BMI in the group that was not adjusted by birth weight (β = 0.10, 95% CI: 0.03, 0.17; I 2 = 31.9%) ( Table 2) . When the studies were stratified by measurement timing, both prenatal and postnatal exposure to PFOA indicated a small increase in the z-score of childhood BMI (prenatal exposure, β = 0.09, 95% CI: 0.02, 0.17; I 2 = 36.3%, postnatal exposure, β = 0.16, 95% CI: 0.01, 0.30; I 2 = 0.0%). A significant association between early-life exposure to PFOA and childhood BMI z-score was observed among the studies performed in Europe (β = 0.10, 95% CI: 0.02, 0.17; I 2 = 8.4%), but not in Northern America (β = 0.19, 95% CI: −0.05, 0.42; I 2 = 71.4%) and Asia (β = 0.03, 95% CI: −0.21, 0.27). Subgroup analysis of maternal parity revealed a significant positive association between early-life exposure to PFOA and childhood BMI z-score in the group adjusted by maternal parity (β = 0.13, 95% CI: 0.02, 0.24; I 2 = 47.4%). Within the group by gender, PFOA exposure increased the z-score of childhood BMI in females (β = 0.06, 95% CI: −0.01, 0.13; I 2 = 0), but not males (β = −0.01, 95% CI: −0.10, 0.08; I 2 = 0), and neither achieved significant levels. In addition, the subgroup of birth weight was evaluated, and PFOA exposure could statistically significantly increase the z-score of childhood BMI in the group that was not adjusted by birth weight (β = 0.10, 95% CI: 0.03, 0.17; I 2 = 31.9%) ( Table 2) . 
Sensitivity Analysis
For childhood BMI, sensitivity analysis showed that the confidence intervals did not overlap the null in the eleven possible combinations ( Figure S1 ). The number of participants was considered to result in imprecision for continuous variables when it was less than 400 [33] . Because the average number of participants in the included studies related to childhood BMI was approximately 490, it was suggested that imprecision was not serious. Moreover, when these studies with small sample sizes (9, 27, 28, 30) were omitted in the sensitivity analysis, the conclusion did not change significantly (β = 0.07, 95% CI: 0.01, 0.14; I 2 = 14.4%). In brief, the results of the sensitivity analysis did not alter the overall association of PFOA exposure and childhood adiposity.
Publication Bias
As shown in Figure S2 , the funnel plot did not show obvious asymmetry, and Egger's test did not reveal definite publication bias (P Egger's test = 0.054) (Table S3 ). However, the number of studies included was limited, which may lead to insufficient statistical testing, and thus, the possibility of publication bias cannot be ruled out.
Discussion
Currently, excessive food intake, inadequate exercise, endocrine-disrupting chemicals, and possible gene-environment interactions are major determinants of obesity. Evidence has shown that the critical window of exposure to endocrine-disrupting chemicals is either in the prenatal or neonatal period [34] . PFOA is suspected as an endocrine disruptor [35, 36] , and exposure to PFOA has at least three possible pathways that may affect the weight of offspring. First, the ovarian axis may be part of the mode of action for PFOA. This approach is supported by the observation that ovary removal in animals before puberty, combined with PFOA exposure, caused no additional increase in mid-life body weight [37] . Second, some experimental results have demonstrated that PFOA may activate peroxisome proliferator-activated receptor (PPAR) α or γ, which act as master lipid regulators to modify lipid homeostasis [38, 39] . Third, PFOA may be involved in altering thyroid hormone homeostasis, which plays an important role in the regulation of energy metabolism. A meta-analysis of the association between perfluoroalkyl exposure and adult thyroid function showed a positive correlation between PFOA and total T3 and a significant negative correlation between PFOA concentration and total thyroxine, after omitting one outlier study [40] . However, the potential mechanism of action remains to be elucidated. Therefore, more studies are needed to shed light on the molecular mechanism of PFOA in obesity.
To the best of our knowledge, this meta-analysis is the first study to evaluate the impact of early-life exposure to PFOA on childhood adiposity. A final total of ten prospective cohort studies were included. The results of our meta-analysis showed that early-life exposure to PFOA had statistically significant correlation with increased risk of childhood overweight and slightly increased the z-score of childhood BMI. Thus, the results of this meta-analysis demonstrated a positive overall association of PFOA exposure in early life with childhood adiposity.
CD-1 mice exposed to PFOA for 17 days (0.01 to 5 mg/kg body weight) during pregnancy showed that low-dose exposures (0.01-0.3 mg/kg/d) significantly increased body weight in mid-life of offspring [37] . The study also found that exposing a group of independent and age-matched adult-only female mice to similar doses of PFOA for same exposure time had no effect on body weight. These observations demonstrated that early life as a sensitive window of exposure for these low-dose effects of PFOA exposures on gain of body weight in female mice. This work on CD-1 mice preceded the work of human cohorts and showed the same trend as our present study.
Potential bias should be considered in the meta-analysis. Although the meta-analysis of early-life exposure to PFOA and child BMI showed moderate heterogeneity, we performed subgroup analyses to assess potential bias. Maternal parity is a known predictor of PFAA exposure [41] , and being the firstborn may be associated with great adiposity in childhood [42] . It was necessary to adjust for maternal parity to explore the reliable relationship between PFOA exposure and childhood obesity because 4 out of the 11 included studies did not adjust for maternal parity [19, 27, 31, 32] . A significant association was observed between early-life exposure to PFOA and the z-score of childhood BMI in the adjusted maternal parity group (β = 0.13, 95% CI: 0.02, 0.24), whereas the association was non-significant in the non-adjusted maternal parity group (β = 0.07, 95% CI: −0.01, 0.15). Therefore, this result suggested that maternal parity had a potential effect on childhood obesity, and the positive association between early-life exposure to PFOA and the z-score of childhood BMI might more truly express that association, further confirming the reliability and robustness of our results.
Quantification of PFOA in included studies was carried out in different matrices, 2 in postpartum maternal serum [9, 27] , 4 in prenatal maternal serum [26, 28, 29, 32] , 3 in prenatal maternal plasma [18, 19, 30] and 1 in cord blood [31] . Available evidence indicated that PFOA concentrations were highly correlated between these matrices [9, 41, 43] . Based on this concordance, we initially combined the studies in our meta-analysis, but analysis of the measurement timing was still conducted. The results from subgroup analysis of measurement timing revealed a similarly positive association between prenatal and postnatal exposure to PFOA and the z-score of childhood BMI, and both reached a statistically significant level (prenatal exposure, β = 0.09, 95% CI: 0.02, 0.17, postnatal exposure, β = 0.16, 95% CI: 0.01, 0.30). The results are broadly consistent with a previous study that demonstrated that PFOA concentrations were highly correlated between prenatal and neonatal periods [44] .
This meta-analysis has several strengths. First, considering the uncontrollability of pollutant exposures and the ethical limitations on conducting controlled trials with pollutants in humans, cohort design is considered the most feasible method. One of the inclusion criteria of our meta-analysis was that the design type of the literature be a cohort study. Second, findings were consistent across multiple outcome types (i.e., childhood overweight and BMI), further supporting the robustness of the findings.
There are also several limitations in this meta-analysis. First, one limitation is the study design of the included articles. Sex-specific differences associated with weight gain have been observed for PFOA in some studies. As mentioned earlier, the animal study on CD-1 mice reported higher body weight in pospubertal female offspring after low-dose prenatal exposures to PFOA [37] . Human studies showed similar findings: Halldorsson et al. [26] observed a positive association between prenatal PFOA and overweight in young female adults, and Høyer et al. [29] indicated that higher prenatal PFOA concentrations were associated with an increased risk of overweight among girls in Greenland. In our meta-analysis, four of the nine studies related to childhood BMI were stratified for gender. Based on these four studies [18, 19, 30, 31] , we conducted a subgroup analysis of gender. The results of subgroup analysis showed that the z-score of childhood BMI in the female group was slightly elevated but not statistically significant (β = 0.06, 95% CI: −0.01, 0.13), while the male group showed the opposite trend (β = −0.01, 95% CI: −0.10, 0.08). This is probably due to the low number of related studies, the included studies were not sufficient to verify gender differences. Future study on this matter should address gender difference with appropriate design and larger sample size. Second, the study was based on the available data, and non-English articles were excluded, thereby making publication and selection biases likely inevitable. Third, it was reported that the distinctions among the OR and RR could be ignored when the outcome is rare [45] . Clearly, we did not transform RRs (ORs) into ORs (RRs) as the common effect size for assessment the childhood overweight, which might be a potential source of heterogeneity. Fourth, the criteria used to calculate BMI z-score varied across the studies, and the definition of overweight or obesity also varied, which may result in imprecise estimates of association between PFOA exposure and childhood adiposity. Fifth, birth weight is a known predictor of offspring BMI [42] , but only one study included in our meta-analysis adjusted for birth weight.
The results of subgroup analysis demonstrated that the adjusted group had a larger effect estimate, with wider CIs (adjusted group, β = 0.16, 95% CI: −0.05, 0.36, non-adjusted, β = 0.10, 95% CI: 0.03, 0.17). The association between PFOA exposure and childhood adiposity may be exaggerated due to inconsistent birth weight baseline. Sixth, most of the research comes from Europe (Norway, Denmark, Sweden, Spain, Ukraine, Faroe Islands) and North America (the United States, Greenland), with one study from Asia (Taiwan). There was a significant association between PFOA exposure and childhood adiposity in Europe (β = 0.10, 95% CI: 0.02, 0.17; I 2 = 8.4%), but not in Northern America (β = 0.19, 95% CI: −0.05, 0.42; I 2 = 71.4%) and Asia (β = 0.03, 95% CI: −0.21, 0.27), and these results suggested differences between ethnicities. Due to the lack of African data in our study, the findings may not be globally universal. Seventh, no consistent trend was observed after a preliminary examination of the dose-response trend for studies that met the dose-response meta-analysis conditions. We did not conduct dose-response meta-analysis, given the variability between different exposure and reference groups in different studies. In addition, to reduce the impact of confounding factors, we extracted data reported from adjusted models, which means that our results may be susceptible to over-adjustment.
With the increasing prevalence of childhood obesity in recent years, effective treatments have not been found, and prevention remains crucial. Exploring the association between PFOA and childhood obesity may help researchers further understand the consequences of early-life exposure to PFOA on offspring obesity and may also provide effective prevention or treatment measures for childhood adiposity, such as reducing risk of exposure to PFOA through early education. Thus, an improved understanding of the association between early-life exposure to PFOA and child adiposity has important implications for public health.
Conclusions
In summary, limited to prospective cohort studies, our meta-analysis indicated a statistically significant association between early-life exposure to PFOA and childhood adiposity. However, the results may be affected by other factors, such as we cannot rule out the possibility that these associations were caused by accumulation or synergy of multiple chemical exposures or by potential residual confounding factors. Future research with prudent design is warranted to verify these findings.
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